Abstract Two-fluid model can simulate two-phase flow by computational cost less than detailed two-phase flow simulation method such as interface tracking method or particle interaction method. Therefore, two-fluid model is useful for thermal hydraulic analysis in large-scale domain such as a rod bundle. Japan Atomic Energy Agency (JAEA) develops three dimensional two-fluid model analysis code ACE-3D that adopts boundary fitted coordinate system in order to simulate complex shape flow channel. In this paper, boiling two-phase flow analysis in a tight-lattice rod bundle was performed by ACE-3D code.
Introduction
Design studies of a new generation light water reactor named the "Innovative Water Reactor for Flexible Fuel Cycle (FLWR)" are underway at the Japan Atomic Energy Agency (JAEA) (1) . In order to achieve high conversion ratio, a hexagonal tight-lattice fuel rod bundle with about 1 mm rod gap were adopted in the FLWR core. Because of decrease of coolant flowing through fuel bundle, evaluation of heat removal performance in tight-lattice fuel bundle is needed. In particular, occurrence of boiling transition (BT) causes significant deterioration of heat transfer in a rod bundle, and results in damage of soundness of fuel rods. Therefore, prediction of BT is one of most important problems to confirm the thermal hydraulic safety of FLWR, and to increase design margin of the core. Approach based on full-scale mockup test is useful for prediction of BT, but requires excessive costs. Therefore, to reduce the thermal design cost of FLWR, it is necessary to develop analytical method that extrapolates the results of smaller experiments to the actual fuel bundles conditions. In this case, the interaction of two-phase flow between the individual subchannels influences thermal hydraulics of whole fuel bundle. Therefore, it is necessary to analyze two-phase flow in whole fuel bundle to predict BT including effect of the interaction between the subchannels.
In analytical approach by detailed two-phase flow simulation method such as interface-tracking method or particle interaction method, detail behavior of two-phase flow can be described by dealing with bubbles or droplets interfaces directly without using physical model obtained experimentally.
However, in these methods, applicable computational domain is limited because of requirement of too much computational cost. Therefore, application of these methods to thermal hydraulic design of fuel bundles is difficult.
To analyze two-phase flow in whole fuel bundle in limited calculation resources, JAEA has been developing three-dimensional two-fluid model analysis code ACE-3D (2) (3) (4) (5) (6) which adopts boundary fitted coordinate system to simulate two-phase flow in complex shape channel. Two-fluid model can predict local two-phase flow phenomena in a whole fuel bundle with smaller computational cost than detailed two-phase flow simulation method. In this paper, boiling two-phase flow analysis in a tight-lattice rod bundle which simulate test section of large thermal hydraulic test (7) rod bundle is performed by ACE-3D code and effects of the lift force model in two-fluid model were examined. 
Nomenclature
C D Drag force coefficient [-] C L Lift force coefficient [-] C lift C L due to spherical bubble lift [-] C
Introduction
ACE-3D code adopts 3-dimensional two-fluid model. In the two-fluid model, mass, momentum and energy conservation equations for liquid and gas phases are solved. To distinguish liquid and gas phases, so called void fraction: α is introduced in basic equations.
Void fraction is defined as volume fraction of gas phase, and void fraction is also solved. In the two-fluid model, mass, momentum and energy transfer between liquid and gas phases through gas-liquid interface are evaluated by numerical models based on experimental results. Basic equations of ACE-3D code are shown as follows (2) .
Mass conservation:
Momentum conservation
( )
Internal energy conservation:
In the above equations, superscripts g and l indicate gas phase and liquid phase. It is noted that, in this paper, the Einstein summation convention is used. Summation of volume ratio α g and α l equal one. In the mass conservation equations, Γ is the phase change rate between liquid and gas phases and positive value of Γ means vaporization. Γ + and Γ -in the momentum conservation equations of both phases are evaluated as follows,
The two-phase flow pattern affects on the interfacial transfer of mass, momentum and energy. In the ACE-3D code, two-phase flow pattern is evaluated as follows,
).
The constitutive equations or models for corresponding two-phase flow pattern are used to evaluate the interfacial transfer of mass, momentum and energy. Above assumptions (or model) related to two-phase flow pattern are not sufficiently verified for two-phase flow in the tight-lattice rod bundles under high pressure conditions. However, this model is used in this study, because results of 3-dimensional void fraction measurement by neutron radiography under atmospheric pressure conditions (8) were consistent with these assumptions and no experimental result under high pressure condition exists.
In momentum conservation equations, M denote momentum transfer between the two phases through gas-liquid interface,
, M W and M V are drag force, lift force, wall force and virtual mass force, respectively. In this study, wall force and virtual mass force were neglected, because effects of these models on two-phase flow characteristic in tight-lattice rod bundle were not so large. In this paper, predicted maximum void fraction in tight-lattice rod bundle was about 0.7, and dispersed flow was not observed. Then, model equations for dispersed flow were not used. The drag force for bubbly and slug flows M D is evaluated by below equations in the ACE-3D code (2) ,
In eq. (10), V is relative speed between liquid and gas phases, and defined as follows.
In eq. (10), D b denotes average bubble diameter and is evaluated as follows,
D bubble and D slug denote small and slug bubble diameter respectively, and are evaluated as follows, 2 min ,
.
In these equations, We b is critical Weber number and D eq is hydraulic equivalent diameter of flow channel. In this study, We b is set to 4.0 and hydraulic equivalent diameter of flow channel is about 4.4 mm in tight-lattice rod bundles. Interpolation parameter X slug in eq. (12) is evaluated as follows, 
The lift force M L , is evaluated by following equations in the ACE-3D code (2) .
C L denotes overall lift force coefficient for bubbles, and we used following C L model based on Tomiyama et al. (9) but C wake was modified to keep continuity at E t =4 and 10 (2) : 
C lift is used to evaluate lift force acting on sphere shape bubbles, and C wake denotes effects on lift force by deformation of bubbles.
In above equations, E t denotes Eotvos number, and is defined as follows,
Two-phase turbulent model based on standard k-ε model is introduced in ACE-3D code (2) . The basic equations shown above are expanded to boundary fitted coordinate system based on the method by Yang, et al (10) which can avoid numerical error of the momentum conservation in eqs. (3) and (4) that is caused by introduction of the boundary fitted coordinate. The convection term and diffusion terms of the momentum and internal energy conservation equations are evaluated by third-order upwind scheme and central differential scheme respectively. In addition, the semi-implicit method is used for time integration. Based on the basic equations, both phase velocity (U Fluid properties in the basic equations are evaluated by fluid properties routine based on JSME steam (11) It is difficult to compose a rod bundle geometry using constructed meshes that adopted in the ACE-3D code. Therefore, a computational domain composed of one constructed meshes is regarded as one block, and complex geometry like rod bundles is divided into more than one block (12) .
In analysis of large-scale domain such as a rod bundle, even two-fluid model requires large number of computational cost that exceeds upper limit of memory amount of one CPU. Therefore, parallelization based on Message Passing Interface (MPI) was introduced to ACE-3D code to divide data amount for analysis of large-scale domain among large number of CPUs (12) .
Numerical Conditions
In this section, the ACE-3D code was applied to the boiling flow analysis in 37 rod domain that simulates test section of large-scale thermal hydraulic test (7) . Fig. 1 shows the test section of the large-scale thermal hydraulic test where 37 fuel rods are arranged in triangular-array, and surrounded by hexagonally shaped channel box. A Fig.1 Test section of the large-scale thermal hydraulic test (7) and computational domain. Fig.2 Axial power distribution (7) diameter of fuel rod is 13 mm, a gap between fuel rods is 1.3 mm, and a gap between fuel rod and channel box is 1.05 mm. The axial length of the domain is 1.26 m. Fig. 2 shows axial power distribution with axial coordinate z, and this power distribution simulates fuel rod flat core of FLWR (7) .
In this study, in order to economize computational cost, one-twelfth of the test section area is adopted as the computational domain as shown in Fig. 1 . The computational domain is divided into 6 blocks as shown in Fig. 3 . The computational mesh numbers in each block are 10 meshes and 1260 meshes in radial (r) and axial direction (z). The mesh numbers in peripheral (θ) direction are 20 meshes in "Block 1", 240 meshes in "Block 5", and 120 meshes in other blocks. The parallel computation using 126 CPUs is applied to this analysis. SGI Altix3700Bx2 of the JAEA is used for this parallel computation.
Single-phase water flows in through the inlet at the temperature of 556.15K, and water and steam mixture flows out through the outlet at the pressure of 7. 
n : normal direction of wall, t : tangential direction of wall, 0.09 C μ = solved. Then, initial and boundary values for these variables are required. Table 1 shows boundary and initial conditions. In the table, U r , U θ and U z mean r, θ and z direction velocity respectively. r and θ directions are shown in Fig.3 (a) . For the liquid and gas phase velocities, non-slip condition is applied to the channel box and the fuel rod surface. In this calculation, standard k-ε model is adopted, and wall function is imposed as non-slip wall boundary conditions. For the liquid and gas temperature, the fuel rod surface is "Heated", and the channel box is "Adiabatic" in Table 1 . Slip condition is also applied to the liquid and gas phase velocities on "Symmetry plane A" and "Symmetric plane B" in Fig. 3 (a) . The thermal power of 3.6 kW is imposed on the one fuel rod. This corresponds to power of 133.2 kW per 37 rods fuel assembly. Heat flux at rod surface in arbitrary axial position (=Q(z)) is evaluated by use of this thermal power on the one fuel rod and axial power distribution (see Fig.2 ).
In this study, to investigate effect of lift force model (eq. (18)) on two-phase flow behavior in tight-lattice rod bundle, two cases of simulation were performed. In "Case A", the lift force model was used, and effects of lift force acting on bubbles were estimated by this equation. In "Case B", the lift force was neglected and l i M in momentum equations (eq. (9)) was set to zero. Other parameters and model without the lift force model was identical.
Results and discussion

Void Fraction Distribution:
ACE-3D code is unsteady simulation code. Then, in this study, we discuss on the result 1.3 seconds after the analysis start that the change of the analysis results became small enough. Fig.4 shows the void fraction distributions of "Case A". Boiling occurred at height of z = 0.3 m and void fraction increased in the downstream of rod bundle. The averaged cross-section void fraction at the exit was 0.47.
The void fraction in "Region B", which contacts with the channel box (See Fig. 4) , is lower than that in "Region A", which does not contact with the channel box, because proportion of heated surface to water in "Region B" is less than that in "Region A". Then, increase of enthalpy of water in the Region A is larger than that in "Region B", and promotes evaporation. Fig.5 shows void fraction distribution in "Symmetric plane A". In the figure, R is distance from rod bundle center. At height of z = 0.5 m and 0.7 m, void fraction in "gap region", which is located between two rods, is higher in comparison with that in "subchannel region", which is surrounded by three rods. Distribution of high void fraction in the gap region spread with elevation from z = 0.5 m to 0.7 m. However, maximum value of void fraction was kept at less than 0.5. At height of z = 0.9 and 1.1 m in "center subchannel", "intermediate subchannel" and "peripheral subchannel", higher void fraction values existed in the subchannel regions.
The tendency of void fraction to concentrate in the gap region at vicinity of boiling starting point, and to move into subchannel as coolant goes through rod bundle, agreed with the measurement results by neutron radiography (8, 13) . Therefore, it is confirmed that the result of the analysis in 37 rod bundle by the ACE-3D code also shows agreement with experimental result qualitatively.
Velocity Distribution:
Fig . 6 shows axial liquid and gas (vapor) velocity distributions in horizontal plane near outlet (z = 1.2 m). In "center subchannel", the gas velocity in the subchannel region is about two times of that in the gap region.
For liquid phase, velocity difference between the subchannel and gap region is not so large. Fig.7 shows axial velocity distribution in "Symmetric plane A". At height of z = 0.1 m, fully developed liquid single-phase flow was observed, and gas velocity is equal to liquid velocity. In addition, velocity difference between "center subchannel", "intermediate subchannel" and "peripheral subchannel" is small.
From 0.3 m downstream of the inlet, vapor was generated at the gap region of the center subchannel and void fraction increased in this region as shown in Fig.5 . Gas phase in the gap region of the center subchannel accelerated by buoyancy force and fluid acceleration induced by decreasing of density.
In the gap region, flow resistance is larger than the subchannel region. Then, maximum velocity in each subchannel was observed at boundary region between the gap and subchannel regions. Because flow resistance in the gap region increased by effects of vaporization, liquid velocity in the gap regions was decreased. By the results of these effects, overall flow resistance in the center and intermediate subchannels increased, and liquid moved from these subchannels to peripheral subchannels. Therefore, in subchannel region of peripheral subchannel in which no boiling occurred, liquid velocity increased.
From 0.5 m downstream of the inlet, almost flat velocity distribution of liquid and gas phases was observed. Void fraction in "Region A" is bigger than that in "Region B" and flow resistance of subchannels increased by boiling of water. Then flow resistance of "center subchannel" became larger than that of "peripheral subchannel". Therefore, fluid moved from "center subchannel" to "peripheral subchannel". This fluid movement from "center subchannel" to "peripheral subchannel" is main causes of very small velocity difference between "center subchannel" and "peripheral subchannel" at height of z = 0.5 m.
Unlike the lower part of calculation domain, void fraction in "Region A" was larger than that in "Region B". At height of z = 0.9 and 1.1 m, liquid and gas velocity difference between the gap region and the subchannel region became larger than that of lower part of the calculation domain. Moreover, velocity difference between each subchannel at height of z = 0.9 and 1.1 m was also larger than that at height of z = 0.3 and 0.6 m. In the center part of test section at height of z = 1.1 m, velocity difference between liquid phase and gas phase became large. In this part, void fraction is relatively large, and flow pattern changed to slug flow from bubbly flow. It seems that a main cause of this velocity difference between both phases is this flow-pattern change.
Effect of Lift Force Acting on Bubbles:
Fig .8 shows axial distribution of average void fraction of each numerical block. As discussed previously, boiling started at height z = 0.3 m in each numerical blocks. Void fraction of the Block 5 and 6 was relatively smaller than that in other numerical blocks. Fluctuation of average void fraction was observed in "Case A" in relatively high void fraction region. However, large difference between "Case A" and "Case B" was not observed both quantitatively and qualitatively. Therefore, the effects of lift force model are not so large on overall void fraction distribution in tight-lattice rod bundle. Case B Fig.9 shows effects of lift force on void fraction distribution in the tight-lattice rod bundle. At height of z = 0.3 m, at vicinity of boiling starting point, void fraction distribution of "Case B" was almost same as that of "Case A". At height of z = 0.5 m, the tendency of void fraction to concentrate in the gap region and to move into subchannel as water goes through rod gap was observed in "Case A". However, void fraction in the gap region was not higher than that in the subchannel region in "Case B". Lift force model worked to keep bubbles in the gap region in "Case A". By ignoring lift force model, generated bubbles diffused from the gap region to the subchannel region, and it seemed that void fraction concentration could not be observed in "Case B". At height of z = 1.1 m, higher void fraction distribution in the center regions of the subchannel was observed in "Case A". However, higher void fraction region was not observed in the "Case B", and almost flat distribution was observed in "center subchannels". In general, it is thought that BT in the fuel bundle occurs by the local break of the liquid film. Therefore, precise prediction of local void fraction distribution and flow pattern is important to evaluate BT. If almost flat local void distribution like results of "Case B" is provided, occurrence of BT is late, and critical power of rod bundle is overestimated. In addition, evaluation of the pressure loss of fuel bundle is also affected because flow resistance is different by the flow pattern. Fig.10 shows axial velocity distribution of "Case A" and "Case B" in "Symmetric plane A". At height of z = 0.3 and 0.5 m, axial liquid and gas velocity distribution of "Case B" was almost same as that of "Case A". At height of z = 1.1 m, there was small difference between axial liquid velocity distribution of "Case A" and "Case B". However, for gas, axial velocity distribution of "Case B" was large different from that of "Case A". Because concentration of bubbles (void fraction) and velocity difference between both phases were relatively low, difference of flow resistance in horizontal plane was small in "Case B". However, in "Case A", bubble gathered in the gap region and velocity difference between both phases was large. Then difference of flow resistance between the gap and subchannel region increased according to eq.(10). Therefore, pressure difference between the gap region and the subchannel region also increased in "Case A". It was thought that this pressure difference by concentration of the bubbles was main cause of bubble movement from the gap region to the subchannel region in "Case A".
Concluding remarks
The boiling two-phase flow analysis in 37 rod bundle domain was performed. It is confirmed that the results obtained by analysis using ACE-3D show agreement with experiments qualitatively. To evaluate effects of two-phase flow model used in the ACE-3D code, numerical simulation of boiling two-phase in tight-lattice rod bundle with no lift force model was also performed. From the comparison of numerical results, it is concluded that the lift force model has direct effects on void fraction concentration in gap region. In addition, void fraction distribution generated by the lift force model induces relatively large pressure distribution in horizontal plane. This induced pressure distribution is main cause of bubble movement from the gap region to the subchannel region
